• Maternal exposure to SUL did not impair maternal behavior.
Introduction
Breast milk production is a complex physiologic process involving physical and emotional factors and the interaction of multiple hormones. The most important of them is believed to be prolactin (PRL) [1] . Failure to provide sufficient breast milk in the first few postpartum days is a major cause of breastfeeding failure [2] . Because of this, both mothers and physicians have sought drugs to address this concern [1] . The available galactagogues are dopaminergic antagonists, which increase serum PRL by counteracting the inhibitory influence of dopamine (DA) on PRL secretion [3] .
Sulpiride (SUL) is mainly marketed as an antipsychotic drug and is reported to selectively antagonize central dopaminergic receptors (D2, D3 and D4) [4] . Moreover, SUL has also been documented as an effective galactagogue [5] [6] [7] but it is important to consider that maternal use of this drug results in exposure of the progeny. Studies with humans [3, 8, 9] and rats [7] reported that SUL is excreted unaltered in milk [3, [6] [7] [8] 10, 11] and, in humans, it is estimated that maternal exposure to 100 mg/kg of SUL daily would result in an average daily intake of 0.135 mg/kg in infant [11] .
DA is involved in both the onset and the maintenance of maternal care [12] [13] [14] [15] . The main nucleus that regulates this behavior is the medial preoptic area (MPOA) of hypothalamus [16] [17] [18] . Some aspects of the maternal behavior are regulated by the mesolimbic dopaminergic system in this area [18] and disruption of mother-pup interaction was reported after maternal exposure to dopaminergic antagonist [19, 20] .
Moreover, in rodents, maternal treatment during lactation with antipsychotic drugs such as risperidone [21] and SUL [7] resulted in neonatal hyperprolactinemia in the progeny. It is known that PRL plays an important role in the regulation of testicular function and participates in the regulation of growth and normal function of all tissues sensitive 
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Physiology & Behavior j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / p h b to androgens [22] . So, drug-induced hyperprolactinemia in newborns may impact normal development of the reproductive system. Based on these considerations, this study was carried out in rats in order to evaluate if maternal exposure to SUL during lactation could disrupt maternal care and/or male offspring's reproductive development.
Materials and methods

Animals and treatment
Male and female Wistar rats (85-90 days) from the colony of the State University of Londrina (UEL) were used as parental generation. They were kept in a controlled environment with temperature at 21 ± 2°C; humidity of 55 ± 5%; 12 h light/dark cycle (lights on at 6:00 a.m.) and had free access to regular lab chow and tap water.
Rats were mated (2 females and 1 male per cage) and gestational day 0 was determined if there were sperm and estrus phase cells in vaginal smears. Dams were divided into three groups (20 dams/group):
-Control group (CON): dams received daily 0.20 ml of distilled water, by gavage, from post-natal day (PND) 0 to PND 21; -SUL 2.5 mg group (SUL 2.5): dams received daily 2.5 mg/kg of SUL (Equilid™, Aventis, Brazil), by gavage, from PND 0 to PND 21; -SUL 25 mg group (SUL 25): dams received daily 25 mg/kg of SUL (Equilid™, Aventis, Brazil), by gavage, from PND 0 to PND 21.
The dams were daily treated at 12:00-2:00 p.m. The drug was dissolved in distilled water immediately prior to the treatment.
In humans, the typical dosage for initiation of lactation is 50 mg 2 to 3 times daily [5, 6, 10, 23] , which would correspond to approximately 1.7 to 2.5 mg/kg. To address the possibility that rodents may be less sensitive to drugs than human, we have also chosen to evaluate the dose of 25 mg/kg, which is 10 times higher than the highest human dose employed as galactagogue.
At PND 0, all litters were weighed and on PND 1 they were culled to 8 pups. Whenever possible, an equal number of male and female pups were kept within the litter. Pups were weaned on PND 21 and housed in groups separated by gender and tests until the evaluations. The litter was the experimental unit (i.e. one male pup per litter was used for each evaluation at each time point). All animals had free access to water and regular lab chow (Nuvital™, Nuvilab, Brazil) and all animal procedures were approved by the UEL Ethics Committee for Animal Research (CEEA 26/11). The experimental design is represented in Fig. 1. 
Parameters analyzed in dams 2.2.1. Maternal general toxicity
Maternal body weight and food intake were recorded weekly (PNDs 0, 7, 14 and 21) during lactation. Toxicity signs (e.g. lacrimation, piloerection, unusual respiratory pattern and tremors) were evaluated daily during treatment. On PND 21, dams were submitted to the open-field test [24] with two objectives: 1) to evaluate their behavior outside the home-cage; 2) to ensure that motor function was not compromised and would not have interfered with maternal care since that mesolimbic and striatal dopaminergic pathways influence motor function [25] . Briefly, the apparatus consisted of a circular surface of wood (60 cm of diameter) surrounded by a wall. The surface was painted white and divided into similar parts. Each animal was placed individually in the center of the arena and the following variables were recorded during a 3-min session: ambulation (count of floor units entered with the four paws), rearing (count of times that the animal stood on its hind legs), and grooming (time, in seconds, used for the animal to groom) [26] .
Maternal behavior
To investigate the effects of SUL treatment during lactation on mother-pup interactions, two types of maternal behavior analyses were conducted. In experiment 1, pups were removed from their home cage, returned after 30 min and mother-pup interaction was observed for 30 min. In experiment 2, undisturbed mother and pup interaction was recorded for 6 h. The experiment 1 was conducted on PND 5 and the experiment 2 was conducted on PNDs 5 and 10. PNDs 5 and 10 were chosen because on the early time point (PND 5), lactation costs less energy and pups have limited motor capacity whereas on the second time point (PND 10) lactation is more energetically expensive and pups' motor activity is increased. All maternal behavior analyses were carried out between 8:00 a.m. and 2:00 p.m. Experiment 1. Maternal behavior observations after pup removal.
Maternal behavior was evaluated on PND 5 in a subset of dams (10 dams/group). On the test day, all pups were removed from the home cage and the nest was destroyed. After 30 min, the pups were returned to the cage and mother-pup interaction was recorded for 30 min. Latency for retrieval behavior and total time grouping, pup grooming, self grooming, crouching, off pups (defined as the amount of time the rat spent without any kind of interaction with pups regardless of her position in the cage), and nest building were observed. Full maternal behavior was scored if dams retrieved all pups to the nest and nursed them for 3 consecutive minutes. All behavioral analyses were performed using Etholog software [27] . Experiment 2. Undisturbed mother-pup interaction observations. Maternal behavior was evaluated on PNDs 5 and 10 in a subset of dams (10 dams/groups). Mother and litter interactions were recorded on their home cage for 6 h. Videotaping began at 08:00 a.m. in the light phase. Behavior was scored every minute during this period according to the following categories: nursing, off pups, retrieval behavior, pup grooming and self-grooming. Total number of observations was used to calculate the percentage of observations in self-grooming, pupgrooming, nursing, and off pups.
Parameters analyzed in pups 2.3.1. Physical development of pups
Pups' body weights were measured weekly (PNDs 0, 7, 14, 21) during lactation. On PNDs 0 and 21, the anogenital distances (AGD, distance from the anus to the genital tubercle) were obtained through a vernier caliper. AGD was normalized through its division by the cube root of body weight. From PND 45, preputial separation of males was verified daily and considered as indicators of the sexual maturity onset. These data are expressed as litter mean.
General activity of pups
Male pups were submitted to behavioral analysis in the open-field on PNDs 35 and 75 according to the methodology described in Section 2.2.1, to evaluate if motor alterations that could interfere in the sexual behavior assessment were present after lactational exposure to SUL. The animals were used only once (i.e. different animals belonging to the same litter were used at each age) and all behavioral tests were recorded by a video camera, linked to a computer in an adjacent room. Videos were analyzed blindly to treatment.
Reproductive development in male pups
For the evaluation of male reproductive development, 2 pups (PNDs 90-100) from each litter were used, one for the sexual behavior evaluation and the other one for the sexual organ weights, sperm parameters and testis morphometry.
Collection of tissue and organs
One male rat per litter from each experimental group was euthanized with diethyl ether and the right testis and epididymis, ventral prostate and seminal vesicle (without the coagulating gland and full of secretion) were removed and their weights (absolute and relative to body weight) were determined. The right testis and epididymis were frozen at −20°C for sperm counting. The left testis was collected for histopathological analysis.
Daily sperm production per testis, sperm number and transit time in the epididymis
Right testis was decapsulated and the caput/corpus and cauda segments from epididymis were separated (n = 15/group). Homogenization-resistant testicular spermatids (stage 19 of spermiogenesis) and sperm in the caput/corpus epididymis and cauda epididymis were assessed as described previously by Robb et al. [28] , with adaptations of Fernandes et al. [29] . Mature spermatids were counted in a Neubauer chamber (four fields per animal). To calculate daily sperm production (DSP) number of spermatids at stage 19 was divided by 6.1, which is the number of days in one seminiferous cycle when these spermatids are present in the seminiferous epithelium. Sperm transit time through the epididymis was determined by dividing the number of sperm in each segment by the DSP.
Sperm motility and morphology
Immediately after euthanasia, sperm were obtained from the right vas deferens duct (n = 11-12/group) and diluted in 1 ml of modified HTF medium (Human Tubular Fluid, Irvine Scientific™), pre-warmed at 34°C. A 10 μl aliquot was placed in a Makler chamber (Irvine) and analyzed under a phase-contrast microscope (OSM-223287, Olympus) at 100× magnification. One hundred sperm were evaluated per animal and classified for motility into: mobile and immotile [30] . With the aid of a syringe and a needle, sperm were recovered from the left vas deferens by flushing with 1.0 ml of saline formol (10%). To analyze the sperm morphologically, smears were prepared on histological slides that were left to dry for 90 min and 200 spermatozoa per animal were analyzed in a phase-contrast microscope (400× magnification) [31] . Morphological abnormalities were classified into two general categories: head morphology (without characteristic curvature or isolated form, i.e., no tail attached) and tail morphology (broken or isolated i.e., no head attached) [32] .
Biometric parameters and histological analysis of testis
The left testis (n = 15/group) was promptly dissected, weighed and fixed by immersion in Bouin's solution for 24 h before being stocked in ethanol at 70°C. Testes were cut into tissue fragments, dehydrated in increasing concentrations of ethanol, and embedded in paraffin. Blocks were sectioned at 5 μm and stained with hematoxylin-eosin.
For testis morphometry, the average diameter of thirty cross sections of round sex cord/seminiferous tubules per animal was obtained in a linear reticule micrometer (OSM-223287, Olympus) coupled to an ocular microscope with 100× final magnification. The volume densities of various testicular tissue components were determined by light microscopy using a 100-intersection grid placed in the ocular of the light microscope. Thirty fields chosen randomly (3000 points) were scored for each animal at 400× magnification. The volume of each component of the testis was determined as the product of the volume density and testis volume. Because the testis density is nearly 1.0 (~1.03-4), for subsequent morphometric calculations the testis weight was considered equal to testis volume [33] . To obtain a more precise measure of testis volume the testis capsule (~6.5%) was excluded from the testis weight. The total length of seminiferous tubule (meters) was obtained by dividing seminiferous tubule volume by the squared radius (R 2 ) of the tubule times the π value. Two hundred random tubular sections per animal in 3 nonconsecutive testis cross-sections were analyzed (400 × magnification) to determine the percentage of seminiferous tubules with alterations.
Male sexual behavior
Sexual behavior was observed in adult rat (n = 20/group) during the dark phase of a reversed light/dark cycle, under dim red light. The animals were allowed a 15-day period of adaptation to the reversed light/dark cycle before the beginning of the evaluations. The observations always started 4 h after the onset of darkness and were recorded by a video camera, linked to a monitor in an adjacent room. For the copulatory behavior evaluation, each male was placed into a Plexiglas cage and, after 5 min, a female in natural estrus was introduced into the cage. During 30 min, the latencies and numbers of intromissions and ejaculations were observed as described previously [34] . If a male did not mount within 10 min, the evaluation was interrupted and repeated in another day. If the male failed again in the second evaluation, it was considered sexually inactive.
Sexual incentive motivation
The same animals evaluated for copulatory behavior were submitted to the sexual incentive motivation test [35] . In this test, a rectangular arena with 50 × 50 × 100 cm (height × width × length) that presents two openings that communicate with two small arenas with 25 cm 2 was used. The small arenas were diagonally opposed to each other and the communication with the main arena is closed with wire mesh. For the test, an estrous female (sexual incentive) was placed in one of the small arenas and a sexually active male (social incentive) was placed in the other one. The floor of the main arena had two 25 cm 2 divisions (zones) in front of each small arena opening, named sexual incentive and social incentive zones, respectively. The experimental male was placed in the center of the main arena and observed for 20 min. The number of visits and the total time spent visiting each zone were quantified, and a preference score was calculated as (time spent in female zone / total time spent in both incentive zones) × 100 [35] .
Statistical analysis
Initially, an exploratory analysis was conducted to evaluate normal distribution (Shapiro-Wilk test) and homogeneity of variance (Levene's test) of each variable. Variables that presented normal distribution and homogeneity of variance were analyzed by ANOVA complemented with Bonferroni post hoc test. Conversely, for the other variables KruskalWallis complemented with Dunn's test were performed. For dams and pups' weight, food intake, AGD and maternal behavior (undisturbed mother-pup interaction observations), repeated measures ANOVA (RMANOVA) was applied with day as the within-subject factor and treatment as the between-subjects factors. Differences were considered significant if p b 0.05.
Results
Parameters analyzed in dams
3.1.1
. Maternal general toxicity
Body weight ( Fig. 2A) , food intake ( Fig. 2B) 46.71 ± 0.48, n = 20 litters/group). No significant difference in the body weight was observed among the groups at the day in which preputial cleavage occurred (data not shown).
Behavioral evaluation of pups
The behaviors (ambulation, rearing and grooming) evaluated in the open-field at PNDs 35 and 75 were not influenced by exposure to SUL (data not shown).
Reproductive analysis of adult male offspring
Body weight and reproductive organ/gland weight of adult male pups are presented in Table 1 . ANOVA complemented with Bonferroni indicated that lactational exposure to SUL 25 increased body weight in PNDs 90-100, increased absolute weight of prostate and reduced In Table 2 , sperm parameters are represented. SUL exposure did not alter sperm count in either doses (ANOVA, p N 0.05). However, an increase in percentage of abnormal head morphology sperm (ANOVA complemented with Bonferroni, p b 0.05) and in immotile sperm (p b 0.05, Kruskal-Wallis complemented with Dunn's test) in the SUL 25 group was observed compared to CON.
Biometric parameters of the testes are presented in Table 3 . KruskalWallis showed no effects of SUL exposure on the diameter and total length of the seminiferous tubules. On the other hand, Kruskal-Wallis showed a significant (p b 0.05) decrease in volume of seminiferous tubules in SUL 25-exposed rats and a trend (p b 0.06) towards reduction in the testicular volume in both doses. The histology of the seminiferous epithelium (Fig. 4) showed a significant increase (p b 0.05, Kruskal-Wallis complemented with Dunn's test) in the percentage of abnormal seminiferous tubules [CON: 0.00 (0.00-1.25); SUL 2.5: 2.00 (1.00-6.00)* and SUL 25: 5.00 (1.25-9.00)*] [% median (1-3 quartile), n = 15 animals/group]. The main testicular histological alteration observed in these animals was extensive desquamation of germ cells. Several seminiferous tubules showed severe immature germ cell loss in the group exposed to the highest dosage (SUL 25).
Neither sexual behavior (Table 4 ) nor sexual motivation (Table 5) was altered by SUL exposure compared to CON group. Significant effects were observed between the two groups exposed to SUL in the latency to the first ejaculation, number of post-ejaculatory intromissions and number of ejaculations (Table 4 ). However, considering that SULexposed groups were not different from CON and the lack of a monotonic dose-response relationship, these results are suggested not to be biologically relevant.
Discussion
This study investigated the effects of lactational exposure to SUL, a dopaminergic antagonist, in maternal care and reproductive development of male pups. In reproductive and developmental toxicity studies, evaluation of maternal toxicity is critical and the main non-invasive indicators of maternal toxicity are the body weight gain and food intake [36] . In our study, SUL did not alter weight and food intake in dams during lactation. Although increased body weight was described in non-pregnant female rats [37, 38] , we believe that the lack of SULinduced increase in body weight observed in this study with lactating dams is explained by the tremendous energy investment during lactation [39] .
Mesolimbic and striatal dopaminergic pathways are thought to influence motor function such that DA receptor agonists stimulate and antagonists inhibit motor activity [25] . Although SUL is less potent than other antipsychotics such as haloperidol in inhibiting motor function [40] , we decided to evaluate this parameter in dams as a biomarker of effect as well as a biomarker of general toxicity. The open field test showed that SUL treatment during lactation did not influence motor activity of dams at the end of lactation (PND 21). In the literature, SUL-induced motor function alterations only with higher doses (from 40 mg/kg) of SUL administered acutely to adult male rats are described [41, 42] .
Regarding maternal behavior in rat, its regulation occurs in two phases: onset, that occurs at parturition and is controlled by several pregnancy-related hormones (estrogen, progesterone, prolactin and oxytocin); and maintenance, that occurs during the postpartum period and is controlled primarily by nonhormonal factors (i.e., the multisensory stimuli provided by pups) [19] . Studies report that DA is involved in both the onset and the maintenance of maternal care [12] [13] [14] [15] . In this study, SUL treatment during lactation did not impair mother-pup interaction and similar results were found with eticlopride, another D2 antagonist [43] , although with different methodology. Other two studies reported disruption of retrieving after treatment with pimozide and clepobride, which are also D2 antagonists [19, 20] . The lack of Table 1 Body weight and wet weight of organs from male rats at PNDs 90-100. consistency among the results may be explained by two different factors. First, pimozide also acts as an opioidergic receptor antagonist [44] and since the opioidergic system plays a role in maternal behavior [45] , one could not assure that the disruption was attributed to the dopaminergic antagonism. Second, the different methodologies were employed, which mother and pups remained separated for a shorter period (15 min) [19, 20] than the one used in this study (30 min) .
Since the longer the dam is separated from its pups the more motivated she becomes, longer periods of separation may overcome retrieving deficits [14, 20] . Regarding pup evaluation, maternal exposure to SUL increased body weight of male offspring on PND 90 (highest dose), decreased both absolute (lowest dose) and relative (both doses) weights of testis, increased prostate absolute weight (highest dose), increased both the percentage of abnormal head morphology and the immobile sperm (highest dose), and decreased volume of seminiferous tubules in the testis (highest dose). Sperm production as well as motor and sexual behaviors were not influenced.
Persistent increased body weight has been described after SUL treatment of prepuberal [46] but not adult male rats [47] . Even though the authors discuss that this is an age-dependent effect in which gonadal steroids might be involved [46] the mechanism involved in SULinduced weight gain after developmental exposure has not been investigated so far.
Among the parameters used in the evaluation of chemical risks to the male reproductive apparatus, is the determination of absolute and relative weights of endocrine organs/glands such as testes, epididymis, pituitary, seminal vesicle and prostate [48] . In the present study, the absolute weight of ventral prostate was increased by the highest dose of SUL but this increase was not detected when considering its relative weight. Since animals exposed to the highest dose of SUL presented increased body weight, one could infer that heavier animals presented heavier prostate absolute weight. However, it is noteworthy that if this was the case, other absolute organs/gland weights might have been increased as well, which did not happen. Moreover, increased prostate weights were described in male adults treated with SUL [49] and metoclopramide [50] , another D2 antagonist. The authors suggested that hyperprolactinemia played a major role in this effect, since PRL is important in the regulation of normal growth and development of prostate, mainly in immature animals [51] , acting as a local growth factor for the prostatic epithelium [52] .
In the current study, testicular damage after SUL exposure was demonstrated by different parameters evaluated (reduced absolute weight and the volume of seminiferous tubules, negative influence on sperm parameters). PRL plays an important role in the regulation of testicular function in rodents [22] and humans [53] by affecting gonadotropinreleasing hormone (GnRH) output and, consequently modulating the luteinizing hormone (LH) released by the pituitary [54] . In rats, increased PRL levels are often associated with regression of the seminiferous epithelium [21, 22] , deformity of spermatozoa [55] and decrease in the epididymal sperm motility [56] . In humans, hyperprolactinemia affects seminal fluid quality causing spermiogenic arrest and impairment of sperm motility [57] . Based on these considerations, it is suggested that the testicular damage observed after lactational exposure to SUL may have resulted from increased PRL levels during reproductive development due to D2 antagonism induced by SUL. It is interesting to mention that adult rats [58, 59] and humans [60, 61] treated with antipsychotics presented hyperprolactinemia with reduced gonadal function [58] [59] [60] [61] .
Another explanation to the effects observed in the prostate as well as in the testis could be a direct action of SUL on the organs/glands. DA receptors are expressed not only in the pituitary, but also in some peripheral organs, mainly during the developmental period [62] . D2 receptors have been found in spermatozoa [63, 64] , seminiferous tubule [64] and rat prostate gland [49] . Although the role of these receptors is unknown [63] , their presence indicates that they are a potential target for drugs [63] .
In conclusion, the present study shows that maternal exposure to SUL during lactation may impact the reproductive development of male rats and the testes seem to be the main target organ at adulthood. The necessity of more researches investigating the influence of SUL and other galactagogues on the development of reproductive organs/glands in order to ensure the safety of their use is clear. 
